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flowering.	 These	 factors	may	 influence	 a	phytophagous	 insect’s	 decisions	 to	 select	
oviposition	sites.	We	carried	out	a	behavioral	experiment	using	wild-	caught	T. yucca-
sella	females	on	manipulated	inflorescences	with	distal	flowers	with	basal	fruits	and	
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to	 a	 lower	 probability	 of	 offspring	 survival	 (Gripenberg	 et	al.,	 2010;	
Mayhew,	1997;	Renwick	&	Chew,	1994).	To	 identify	unsuitable	ovi-
position	sites,	phytophagous	insects	use	a	variety	of	indicators,	or	tac-
tile	or	 chemical	 cues	 associated	with	 those	 indicators.	 For	example,	






ence	 of	 specific	 plant	 secondary	 chemical	 compounds	 (Wennström	









cases	 show	 a	 predictable	 pattern	 of	 flower	 abortion	 (Stephenson,	
1981).	 For	 instance,	 in	 the	 sequentially	 flowering	plant	Yucca glauca 
(soapweed	yucca),	late-	opening	distal	flowers	have	a	higher	probability	
of	 abortion	 (Jadeja	 and	Tenhumberg,	 unpublished	 data)	 possibly	 be-
cause	 early	 developing	 fruits	 are	 strong	 resource	 sinks.	 Further,	 the	
probability	 of	 flower	 abortion	 in	 Y. glauca	 increases	 with	 increasing	
number	of	basal	fruits	(Jadeja	and	Tenhumberg,	unpublished	data).	For	


























second	part	of	 this	 study,	we	explored	 factors	predicting	 the	arrival	of	
T. yuccasella	at	inflorescences.	Nectar-	feeding	pollinators	visit	plants	with	

















2  | MATERIALS AND METHODS
2.1 | Study system
We	used	Tegeticula yuccasella	(Family:	Prodoxidae)	and	Yucca glauca 
(Family:	Agavaceae),	as	our	study	system.	Both	species	inhabit	arid	
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habitats	 across	 North	 and	 South	 America,	 and	 obligately	 depend	
on	 each	 other	 for	 their	 sexual	 reproduction.	 Yucca	 spp.	 produce	
racemose	 usually	 unbranched	 inflorescences	 consisting	 of	 17	 to	
140	 buds	 (Kingsolver,	 1986;	 Svensson,	 Pellmyr,	 &	 Raguso,	 2011;	
S.	Jadeja,	personal	observation).	The	Yucca	spp.	flowering	period	is	
usually	15–30	days	 long	(Powell,	1992)	during	which	each	flower-
ing	 inflorescence	 opens	 subsets	 of	 flowers	 sequentially	 from	 the	
bottom-	up.	 Flowers	 are	 receptive	 for	 approximately	 2	days	 upon	
opening.	After	pollination,	Tegeticula	spp.	females	lay	their	eggs	in	
the	flower’s	ovary,	and,	the	hatching	larvae	feed	on	the	host	plant	
seeds	 (Riley,	1892).	Yucca	 spp.	populations	 retain	on	average	 less	
than	 15%	 of	 their	 flowers	 as	 fruits	 (Addicott,	 1998;	 Kingsolver,	
1984;	 Pellmyr	 et	al.,	 1997).	 Ninety-	five	 percent	 of	 the	 flowers	
that	 the	 plant	 aborts	 are	 aborted	within	 a	 week	 after	 they	 open	
(Pellmyr	 &	 Huth,	 1994).	 Causes	 of	 flower	 abortion	 include	 ovule	
damage	 by	 yucca	 moths	 during	 the	 process	 of	 oviposition	 (Marr	
&	 Pellmyr,	 2003)	 and	 herbivory	 by	 florivorous	 beetles	 and	 their	




























However,	each	pollination	event	 is	 always	preceded	by	at	 least	one	
oviposition	 event	 (Addicott	 &	 Tyre,	 1995).	 Females	 generally	 visit	
neighboring	flowers	and	spend	a	longer	time	pollinating	and	ovipos-




and	 feed	on	 the	developing	 seeds	within	 the	maturing	Yucca	 spp.	
ovary	 (Huth	 &	 Pellmyr,	 1999).	 Surviving	 Tegeticula	 spp.	 larvae	






2.2 | Oviposition in response to the presence of 
basal fruits
2.2.1 | Obtaining inflorescence treatments
We	manipulated	Y. glauca	 inflorescences	 for	use	 in	behavioral	 trials	
to	test	whether	T. yuccasella	are	less	likely	to	oviposit	in	late-	opening	
distal	flowers	in	the	presence	of	basal	fruits	because	they	have	a	high	
likelihood	of	 being	 aborted.	We	manipulated	 inflorescences	 follow-
ing	Jadeja	and	Tenhumberg	(unpublished	data)	to	obtain	two	inflores-
cence	treatments—(1)	inflorescences	with	late-	opening	distal	flowers	
and	 no	 basal	 fruits,	 and	 (2)	 inflorescence	 with	 late-	opening	 distal	
flowers	and	one	 to	 three	basal	 fruits	 (see	Appendix	S1	 for	detailed	
methods).	We	protected	136	Y. glauca	 inflorescences	 that	were	yet	
to	begin	flowering	from	early	May	to	mid-	June	2016	at	a	mixed-	grass	






We	used	 field-	collected	T. yuccasella	 females	 for	 the	 behavioral	 tri-
als.	Wild-	caught	moths	may	 vary	 in	 their	 oviposition	 due	 to	 differ-
ences	 in	 age	 and	experience,	 but	 this	 is	 unlikely	 to	 bias	 the	 results	






























rhythm,	we	set	 the	 lighting	 in	 the	 laboratory	 to	12-	hr	day	 light	and	






































start	 of	 a	 behavioral	 trial.	We	 recorded	 the	 focal	 moth’s	 activity	




Later	 we	 scored	 the	 recordings	 for	 each	 trial	 and	 quantified	 the	










a	 focal	 moth	 did	 not	 oviposit	 in	 any	 of	 the	 flowers	 during	 a	 trial.	
Inflorescences	where	moths	oviposited	during	a	 trial	were	not	used	




2.3 | Larval emergence in response to the 
presence of basal fruits
Yucca glauca	open	 flowers	 sequentially	 from	the	bottom	up.	So	 the	
number	 of	 basal	 fruits	 is	 an	 index	 of	 the	 number	 of	 fruits	 already	
formed	 when	 the	 collected	 fruit	 was	 a	 flower.	 These	 fruits	 repre-
sent	 flowers	 that	moths	 oviposited	 in	 and	 that	 the	 plants	 retained.	
We	predicted	that	T. yuccasella	decreases	the	number	of	ovipositions	
with	increasing	number	of	basal	fruits	on	naturally	pollinated	inflores-




of	 prior	 ovipositions	 (Huth	&	Pellmyr,	 1999),	Yucca	 spp.	 selectively	
abort	flowers	with	a	high	number	of	Tegeticula	spp.	eggs	(Humphries	
&	Addicott,	2000;	Pellmyr	&	Huth,	1994;	Shapiro	&	Addicott,	2004).	
Flower	 abortion	 is	 unlikely	 affected	 by	 other	 sympatric	 Tegeticula 
sp.	For	 instance,	T. corruptrix	occur	 later	 in	 the	season	and	 lay	 their	
eggs	exclusively	in	fruits	usually	more	than	2	weeks	after	pollination	
(Pellmyr,	Leebens-	Mack,	&	Huth,	1996;	S.	Jadeja,	personal	observa-
tion),	which	 is	after	 the	period	when	plants	abort	 flowers	and	early	







full-	grown	 fruits	 from	 the	 top	 third	 flowers	of	haphazardly	 selected	
naturally	 pollinated	Y. glauca	 inflorescences	 in	 late	 June	 and	 July	 in	
the	years	2014,	2015,	and	2016.	Those	flowers	opened	mid	to	late	in	
the	flowering	season	and	had	similar	display	sizes	(S.	Jadeja,	personal	
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observation).	 The	 fruits	 came	 from	 a	 55	×	25	m	 patch	 of	 Y. glauca 
on	 the	North-	East	 slope	of	 the	Kingsley	dam	at	 Lake	McConaughy,	
Keith	County,	Nebraska.	This	patch	is	5	km	from	CPBS	where	we	car-
ried	out	the	behavioral	field	experiment.	We	identified	the	top	fruits	
using	 the	 relative	 position	 of	 the	 fruits	 and	 aborted	 flowers.	When	











collecting	 top	 fruits	 from	18	 inflorescences	 from	outside	 the	patch,	
but	from	within	the	same	area.	These	fruits	came	from	both	inflores-
cences	with	and	without	basal	fruits.
At	 our	 study	 site,	 a	 nonpollinating	 congener	 of	 T. yuccasel-
la—T. corruptrix	 lays	eggs	 in	fruits	and	has	 larvae	that	are	morpho-
logically	 indistinguishable	 from	 the	 pollinating	T. yuccasella larvae. 
In	 contrast,	 the	 adults	 of	 these	 moth	 species	 can	 be	 easily	 mor-
phologically	 distinguished.	 To	 determine	 the	 relative	 proportions	
of	 T. yuccasella and T. corruptrix	 larvae	 at	 our	 study	 site,	we	 used	










and	 2016,	 and	 adults	 from	 some	 of	 the	 larvae	 collected	 in	 2015,	
emerged	in	2016.	After	moths	enclosed	in	2016,	we	terminated	lar-
val rearing.
2.4 | Predictors of T. yuccasella arrival at onset  
of flowering











Tegeticula yuccasella	 rested	 on	 mesh	 sleeves	 of	 protected	 inflo-
rescences	 during	 the	 day	 as	 the	 sleeves	 prevented	 them	 from	 ac-
cessing	the	flowers.	We	considered	T. yuccasella	on	mesh	sleeves	as	
having	arrived	at	 the	 inflorescences.	This	was	performed	before	we	









2.5.1 | Oviposition in response to presence of 
basal fruits
We	 used	 a	 generalized	 linear	 mixed-	effects	 model	 (GLMM)	 with	
binomial	 error	 distribution	 to	 determine	 whether	 the	 probability	




oviposition	 in	behavioral	 trials	with	at	 least	one	oviposition	differed	
between	 treatments	 and	 trial	 order.	 The	 response	 variable	was	 the	




model	 selection	 to	 identify	 the	 minimum	 adequate	 model	 for	 our	
experimental	data	using	a	significance	cutoff	of	0.05	(see	Tables	S2	
and	S3	for	the	results	from	the	full	models).
2.5.2 | Larval emergence in response to the 
presence of basal fruits
We	analyzed	 the	number	of	 larvae	emerging	 from	 fruits	 from	 top	
third	 flowers	 using	GLMMs	with	 a	Poisson	error	 distribution	with	
inflorescence	 identity	 as	 a	 random	 effect.	 The	 fixed	 effects	were	
number	of	basal	 fruits	and	year.	Year	was	 treated	as	a	categorical	
variable.
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autocorrelation	 in	 the	 number	 (Moran’s	 I	=	0.018,	p	=	.4)	 and	 prob-
ability	(Moran’s	I	=	0.18,	p	=	.2)	of	moths	arriving	at	inflorescences	at	










(GAM)	with	 Poisson’s	 distribution	 of	 errors	 to	 capture	 the	 complex	
nonlinear	response	of	the	number	of	moths	arriving	and	day	of	onset	
of	flowering.	The	response	variable	for	the	full	model	was	the	num-
ber	 of	moths	 at	 the	 inflorescence,	 and	 the	 predictor	variables	were	
number	of	 flowers	open,	 smooth	 splined	day	of	onset	of	 flowering,	
basal	diameter,	and	distance	to	nearest	tree	(see	Tables	S10	and	S11	
for	model	selection	details).	 In	both	models,	we	considered	the	date	













3.1 | Oviposition in response to presence of basal 
fruits





ovipositions	 (n	=	16	 trials).	 The	number	of	 ovipositions	 in	 individual	










3.2 | Larval emergence in response to the 
presence of basal fruits
Overall,	not	many	larvae	emerged	from	fruits.	In	only	22%	of	the	top	
fruits	(n	=	243	fruits),	one	or	more	larvae	developed	successfully.	The	
average	number	of	 larvae	emerging	 from	fruits	of	 top	 third	 flowers	
was	0.3	±	0.04	(mean	±	SE,	n	=	243	fruits).	In	all	three	years,	the	num-
ber	of	basal	fruits	did	not	affect	the	number	of	larvae	emerging	from	
top	 fruits	 (p	>	.7,	 Fig.	3a–c,	 Table	 S6).	 Adult	 moths	 emerging	 from	
reared	 larvae	 showed	 that	 the	 proportion	 of	 nonpollinating	 moths	
(T. corruptrix)	was	11%	(n	=	28	moths)	and	4%	(n	=	24	moths)	in	2015	
and	2016,	respectively.





cence	started	 flowering	on	16	June	2016.	Each	 inflorescence	 flow-
ered	for	about	1	to	2	weeks.
The	probability	of	T. yuccasella	arriving	at	onset	of	flowering	 in-
creased	 significantly	 with	 increasing	 number	 of	 flowers	 open,	 and	
decreased	over	the	flowering	season	(Fig.	4a,b,	Table	S9).	There	was	
a	 .48	probability	of	moths	arriving	at	 inflorescences	with	one	open	
flower,	 which	 almost	 doubled	 to	 .97	when	 25	 flowers	 were	 open	
(p	=	.003,	Fig.	4a).	Further,	 there	was	a	greater	 than	 .90	probability	
of	 moths	 arriving	 at	 inflorescences	with	 onset	 of	 flowering	within	
the	 first	10	days	of	 the	 flowering	 season.	However,	 the	probability	
of	arrival	reduced	to	less	than	.2	at	the	end	of	the	flowering	season	
(p	<	.0002,	Fig.	4b).
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4.1 | Oviposition in response to the presence of 
basal fruits
Yucca glauca	 flowers	 are	more	 likely	 to	be	 aborted	 in	 the	presence	
of	 basal	 fruits	 (Jadeja	 and	Tenhumberg,	 unpublished	 data).	 Further,	
all Tegeticula	spp.	eggs	in	flowers	that	are	later	aborted	die	(Huth	&	
Pellmyr,	 1999;	 Shapiro	&	Addicott,	 2004).	Hence,	we	hypothesized	
that	 T. yuccasella	 will	 be	 less	 likely	 to	 invest	 eggs	 in	 distal	 flowers	



















CIs	when	the	other	variable	is	held	at	its	median	value	(n = 76 
inflorescences)
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T. yuccasella	oviposition	was	lower	in	flowers	on	inflorescences	with	
basal	 fruits.	 These	 results	 support	 our	 prediction	 that	 T. yuccasella 
will	 avoid	 laying	 eggs	 in	 flowers	 with	 a	 higher	 probability	 of	 abor-
tion.	Possible	proximate	cues	for	T. yuccasella	to	reject	distal	flowers	
with	basal	 fruits	 as	oviposition	 sites	 include	 tactile	 and/or	 chemical	





2016).	 Identifying	 specific	 cues	 that	 females	 use	 to	 respond	 to	 the	
presence	of	basal	fruits	is	an	avenue	for	further	research.
A	 strategy	 to	 avoid	 oviposition	 in	 distal	 flowers	 may	 benefit	
T. yuccasella	 and	 similar	 phytophagous	 insect	 females	 in	 different	
ways.	 First,	 it	may	 save	 females	 from	 losing	 a	 large	 proportion	of	
their	eggs	in	years	with	a	large	number	of	inflorescences	with	basal	
fruits.	This	benefit	would	be	large	during	certain	years	and	at	certain	
sites	 in	 host	 plants	 like	Yucca	 spp.	where	 the	 frequency	 of	 distal	
flowers	with	and	without	basal	fruits	may	vary	across	space	and	time	
because	 fruiting	 is	highly	 resource	 limited	 (Humphries	&	Addicott,	
2004;	Huth	&	Pellmyr,	 1997;	 Pellmyr	&	Huth,	 1994)	 and	variable	
(Addicott,	 1998;	 Kingsolver,	 1986).	 Second,	 short-	lived	 females	










out	basal	 fruits.	However,	 contrary	 to	expectations,	T. yuccasella did 
not	lay	significantly	fewer	eggs	in	flowers	on	inflorescences	with	basal	
fruits.	 It	 is	possible	that	T. yuccasella	do	not	decrease	the	number	of	


























prefer	 to	oviposit	 in	sites	that	are	better	 for	 larval	performance	and	















we	used	 inflorescences	attached	 to	 the	plants	 in	 the	 field	 that	pre-
vented	us	from	designing	a	choice	experiment.
4.2 | Larval emergence in response to the 












There	are	 three	possible	explanations	 for	 the	absence	of	 a	 rela-
tionship	between	the	number	of	emerging	larvae	and	number	of	basal	
fruits.	First,	 the	probability	of	an	egg	 to	 survive	 in	a	 flower	may	 in-
fluence	a	T. yuccasella	female’s	decision	to	accept	a	flower	as	an	ovi-
position	site,	but	once	a	 flower	has	been	accepted,	 the	 female	may	
not	 decrease	 the	 number	 of	 ovipositions	 in	 response	 to	 increasing	
number	of	basal	fruits.	Hence,	when	flowers	with	basal	fruits	are	re-
tained,	we	do	not	see	a	decrease	 in	 the	number	of	 larvae	emerging	
from	 their	 fruits.	 Second,	T. yuccasella	 larvae	may	experience	higher	
density-	dependent	larval	mortality	in	fruits	without	basal	fruits	where	
we	expected	a	 larger	number	of	 larvae.	This	may	result	 in	 the	same	
number	of	larvae	independent	of	the	number	of	ovipositions.	A	study	
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has	 documented	 density-	dependent	 larval	 mortality	 in	 congeneric	
T. altiplanella	(Shapiro	&	Addicott,	2003).
Third,	the	true	pattern	of	larval	emergence	may	be	masked	by	our	
inability	 to	 morphologically	 distinguish	 larvae	 of	 pollinating	 T. yuc-





casella and T. corruptrix	larvae	emerging	from	fruits.	As	a	result,	there	
may	be	no	overall	 differences	 in	 the	 total	 number	of	 larvae	 emerg-
ing	as	number	of	T. yuccasella	larvae	increase.	For	instance,	in	two	of	
three	years,	 the	 number	 of	 pollinating	 and	 nonpollinating	Tegeticula 










4.3 | Predictors of T. yuccasella arrival at onset  
of flowering
Both	the	probability	and	number	of	moths	arriving	at	inflorescences	
increased	 with	 larger	 floral	 display	 sizes	 at	 onset	 of	 flowering.	
Pollinator	 preference	 for	 plants	with	 larger	 floral	 displays	 has	 been	
well-	established	 in	nectar-	feeding	pollinators	 (Buide,	2005;	Eckhart,	
1991;	Ohara	&	Higashi,	1994;	Thompson,	2001).	We	show	this	pat-
tern	 holds	 true	 for	 the	 non-	nectar	 seeking	T. yuccasella	 too.	 Larger	
floral	displays	with	more	open	 flowers	may	 increase	 the	probability	
of	 a	 moth	 finding	 an	 inflorescence	 through	 visual	 and/or	 chemical	
cues.	The	presence	of	a	 larger	number	of	flowers	may	also	increase	
the	 probability	 of	 finding	 receptive	 flowers	 that	 have	 not	 yet	 been	
oviposited	in.	In	addition,	larger	floral	displays	may	increase	the	likeli-
hood	of	finding	mates	because	it	attracts	a	larger	number	of	moths.
Finally,	 both	 the	 probability	 and	 number	 of	T. yuccasella arriv-
ing	were	very	 low	 on	 inflorescences	with	 late	 onset	 of	 flowering.	
This	result	may	be	explained	by	a	mismatch	between	the	availabil-
ity	and	abundance	of	the	T. yuccasella	and	flowering	host	plants.	In	
our	study,	T. yuccasella	 abundance	may	have	been	 low	 later	 in	 the	
flowering	 season.	 If	 so,	we	expect	T. yuccasella	 arrival	 to	be	 inde-
pendent	of	 day	of	onset	of	 flowering	 in	years	with	 a	 greater	 syn-
chrony	between	the	availability	of	the	T. yuccasella	and	host	plants.	
Alternatively,	this	result	may	be	explained	by	the	presence	of	other	




of	 finding	moths	at	a	particular	 inflorescence.	Further,	 after	onset	
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